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Six experiments, each with 5 human adults, were conducted to investigate the determinants of human
performance on multiple concurrent variable-interval schedules. A two-key procedure was employed
in which subjects' key presses produced points exchangeable for money. Variables manipulated across
experiments were (a) changeover delay (Experiments 2, 4, and 6), (b) ordinal cues related to scheduled
reinforcement frequencies (Experiments 3 and 4), and (c) instructions describing the ordinal relations
between schedule-correlated stimuli and scheduled reinforcement frequency (Experiments 5 and 6).
The performances of only 13 of the 30 subjects could be described by the generalized matching equation
and were within a range of values typical of those reported in the animal literature. Eight subjects
showed indifference, 9 undermatched, 7 approximated matching, 3 overmatched, and a further 3
responded exclusively to the richer component of the concurrent schedules. These differing modes of
responding were closely related to the different types of performance rules reported by subjects in
postexperimental questionnaires. The results are in good agreement with those from studies of human
performance on single schedules, suggesting that rule-governed behavior, in interaction with contin-
gencies, may be an important determinant of human choice.
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There have been numerous reports in the
literature of marked differences between the
performances of adult humans and other an-
imal species on schedules of reinforcement. This
is true on fixed-interval (FI) and fixed-ratio
(FR) schedules, and is evident both in response
patterning and in sensitivity to the schedule
parameters. The evidence also suggests that
the occurrence of rule-governed and other ver-
bal behavior in humans may give rise to some
of these differences. (For reviews of the lit-
erature, see Lowe, 1979, 1983; Matthews, Shi-
moff, Catania, & Sagvolden, 1977.)
A series of studies (Bentall & Lowe, 1987;

Bentall, Lowe, & Beasty, 1983, 1985; Lowe,
Beasty, & Bentall, 1983) has demonstrated that
the operant behavior of preverbal infants per-
forming on FI, FR, and differential-reinforce-
ment-of-low-rate (DRL) schedules has few of
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the distinctive features of human adult per-
formance but is instead indistinguishable from
that of nonhumans. By the time children reach
the age of 2 to 4 years, however, and begin to
emit some verbal behavior, their performance
on FI schedules is no longer like that of non-
humans, but neither does it resemble the be-
havior of adults. At 5 or 6 years of age, when
they have acquired verbal skills that enable
them to describe schedule contingencies and to
formulate rules for responding, they behave
much as adults do, with similar response pat-
terning and similar insensitivity to alterations
in schedule of reinforcement. That the acqui-
sition of verbal behavior, including rules, is
the variable responsible for these age-related
changes in schedule performance is not dem-
onstrated unequivocally by these experiments;
other explanations are always possible. But
that such is indeed the case is supported by
the finding that the developmental sequence
can be accelerated by appropriate verbal in-
struction (see Bentall & Lowe, 1987; also Bem,
1967; Luria, 1961). This also accords with the
results of several studies that have demon-
strated the effects both of verbal instructions
and of what subjects say on what they do (see
Catania, Matthews, & Shimoff, 1982; Le-
Francois, Chase, & Joyce, 1988; Michael &
Bernstein, 1991; Paniagua & Baer, 1982).
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Although much of the literature has consis-
tently shown a number of differences between
the performance of nonhumans and verbally
accomplished humans, there is one area of hu-
man operant research that has yielded more
equivocal data. This work has centered around
Herrnstein's (1970) equations, particularly the
matching law and its derivations, which aim
to quantify the effects of reinforcement on be-
havior. A number of studies have claimed that
human performance on variable-interval (VI)
schedules, whether presented singly or con-
currently, is characterized, just as nonhuman
performance is, by a lawful relationship be-
tween rate of responding and rate of reinforce-
ment that closely conforms to these equations
(e.g., Bradshaw, Ruddle & Szabadi, 1981;
Bradshaw, Szabadi, & Bevan, 1976, 1977,
1979; Bradshaw, Szabadi, Bevan, & Ruddle,
1979; Ruddle, Bradshaw, Szabadi, & Bevan,
1979). Indeed, some authors have been so im-
pressed by this evidence that they have sug-
gested that contemporary research with non-
humans in this area may be of direct relevance
to applied behavior analysis, with profound
implications for the study of human economic
behavior and the behavior of people in clinical,
educational, and social settings (see Epling &
Pierce, 1983, 1988; Hamblin, 1979; McDow-
ell, 1981, 1982; Pierce & Epling, 1980, 1983;
Rachlin, 1980; Schwartz, 1984; Winkler,
1980). Certainly these findings, or at least the
common interpretation of them, seem at odds
with much of the other human operant liter-
ature, and they are potentially problematic for
those accounts that suggest that variables such
as rule-governed behavior operate at the hu-
man but not at the nonhuman level.

Within the context of animal choice behav-
ior, Herrnstein (1970) proposed that when two
explicitly programmed sources of reinforce-
ment, A and B, are available independently
and concurrently, the allocation of responding
to these two sources will be described by the
following hyperbolic equations:

Kr
RA rA (1)

rA + rB + rO

and

RB = TA (2)
rA + rBe+ro

where RA and RB are the number of responses

per session to Alternatives A and B, respec-
tively, and rA and rB are the obtained fre-
quencies of reinforcement for the alternative
responses. K and ro are empirically derived
parameters, where K is response rate at as-
ymptote; ro is the rate of reinforcement at half-
maximal response rate and is theoretically
equivalent to all implicit sources of reinforce-
ment in the experimental setting (Herrnstein,
1970).
When K and ro are invariant, Equations 1

and 2 may be combined to derive the matching
law, which states that relative response rates
approximately equal the relative reinforce-
ment frequencies for the two alternatives. This
is described mathematically as follows:

RA rA

RA +RB rA+ rB
(3)

Several studies of animal performance on
concurrent schedules have reported deviations
from the ideal matching relationship (cf. Baum,
1979; de Villiers, 1977) and, following Stad-
don's (1968) earlier suggestion that choice be-
havior might be best described by a power
function, Baum (1974) proposed a modifica-
tion to Equation 3 that has become known as
the generalized matching law:

RA T aI

RB \TB/
(4)

where RA, RB, rA, rB are as defined in Equa-
tions 1 and 2, and k and a are two free pa-
rameters, estimated empirically, usually by
fitting a straight line to a logarithmic trans-
formation of response and reinforcement ra-
tios. The parameter a provides an index of the
sensitivity with which response ratios change
when reinforcement ratios are varied. If the
value of a is greater than 1, as a result of a
disproportionately greater preference for the
richer reinforcement schedules, performance is
described as overmatching. In the case of a
disproportionate preference for the poorer
schedules, a is less than 1 and there is said to
be undermatching. The parameter k provides
an index of bias, and a value of k different
from 1 signifies a constant proportional bias
toward one alternative as opposed to the other
(e.g., a positional bias). When both a and k
are equal to 1, "ideal" or "perfect" matching
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is said to obtain and Equation 4 reduces to
Equation 3.
Many studies of concurrent schedule per-

formance have employed a changeover delay
(COD); this is a time period during which no
scheduled reinforcement is delivered for a
specified time following a change from re-
sponding on one alternative to responding on
the other, and it is designed to prevent rein-
forcement of changeover responses. A number
of authors have argued that the inclusion of a
COD is an important feature of any effective
concurrent schedule procedure (see Catania,
1966; McSweeney, Melville, Buck, & Whip-
ple, 1983).

Several reviews of the literature have shown
that performance of nonhumans conforms
closely to the generalized matching law, with
values of a falling between 0.5 and 1.3 in the
great majority of cases (Baum, 1979, 1983; de
Villiers, 1977; Horne, 1986; Wearden & Bur-
gess, 1982), though procedural variables have
been found to affect sensitivity (Taylor & Da-
vison, 1983; Todorov, Oliveira Castro, Hanna,
Bittencourt de Sa, & Barreto, 1983). Even
when departure from ideal matching occurs,
however, the generalized matching law almost
invariably accounts for a high proportion of
the data variance (see de Villiers, 1977). A
number of instances of matching have been
reported in human studies (e.g., Baum, 1975;
Buskist & Miller, 1981; Conger & Killeen,
1974; Ruddle et al., 1979; Schroeder & Hol-
land, 1969) but also some gross departures
(e.g., Navarick & Chellsen, 1983; Oscar-Ber-
man, Heyman, Bonner, & Ryder, 1980; Pierce,
Epling, & Greer, 1981; Schmitt, 1974; Taka-
hashi & Iwamoto, 1986; Wurster & Griffiths,
1979). There are many procedural differences
among studies of human choice, however, that
make it difficult to account for the variability
in the results both within and between exper-
iments.
The most widely cited research in the area

of human choice has been conducted by Brad-
shaw and colleagues who, in a number of stud-
ies, have reported conformity of human choice
performance to the generalized matching law
comparable to that found in nonhumans
(Bradshaw et al., 1976, 1977, 1981; Brad-
shaw, Szabadi, & Bevan, 1979; Bradshaw,
Szabadi, Bevan, & Ruddle, 1979). Their stud-
ies employed a five-ply multiple concurrent VI
VI procedure wherein each of five different VI

pairs were alternated with 5-min rest periods.
In one version of the procedure (Bradshaw et
al., 1981; Ruddle et al., 1979), successive 10-
min presentations of each of the following VI
schedules occurred in pseudo-random order on
the right-hand mandipulandum (Component
A): 8 s, 17 s, 51 s, 171 s, and 720 s. A VI 51-s
schedule was concurrently operative on the left-
hand manipulandum (Component B). Each
VI schedule on the right-hand manipulandum
was signaled by a different stimulus in the
form of one light among a row of five being
illuminated for the 10 min that the schedule
was in operation. An alternative version of the
Bradshaw procedure, as outlined in, for ex-
ample, Bradshaw et al. (1976), entailed the
use of a single response manipulandum and a
changeover button that enabled subjects to
switch between components. No COD was
employed in any of the experiments. The sub-
jects were human adults, and responding was
reinforced during all 16 sessions by the deliv-
ery to a counter of points that were later ex-
changed for money.
An interesting procedural aspect of all these

studies concerns the stimuli that were used to
signal the schedules in operation. The position
of the light illuminated in the row of five lights
was ordinally related to the reinforcement fre-
quency signaled. Thus, when the VI 8-s sched-
ule was operative, the light furthest to the left
was lit; when VI 17 s was operative, the light
second furthest to the left was lit, and so on.
Moreover, for the first experimental session,
the VI schedules were presented only on the
right-hand manipulandum (or Component A),
the left-hand manipulandum (or Component
B) being inoperative for that session, and these
schedules were presented in an ascending or-
der of interval value. It is possible that this
ordinal information, albeit implicit, may have
led subjects to describe the schedules and for-
mulate rules for responding in such a way as
to favor the emergence of matching-like be-
havior. For example, the schedule signaled by
the left-most light (VI 8 s) might have been
described as "best" and those to the right as
progressively "worse." Because these studies
have produced some of the most convincing
evidence for matching in human performance
and show an apparent conformity of human
and nonhuman performance that appears to
be at odds with much of the rest of the human
operant literature, we decided to carry out a
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series of experiments that attempted to repli-
cate the Bradshaw findings and, in addition,
to investigate the factors responsible for human
choice under these conditions. For these rea-
sons our experimental procedure follows that
employed in the Bradshaw studies, except
where variables of particular interest are sys-
tematically manipulated.

GENERAL METHOD
The general subject, apparatus, and pro-

cedure specifications apply to all experiments
unless exceptions are noted.

Subjects
Thirty normal adults participated in six ex-

periments, 5 subjects being assigned to each
experiment. They were between 17 and 35
years of age and were from various occupa-
tional backgrounds; they had no previous ex-
perience with psychology experiments. Sub-
jects were recruited by means of advertisements
in the local area and through personal contacts.
The initials identifying subjects do not corre-
spond to their real names.

Apparatus
The experiments were conducted in a cu-

bicle with a floor area of 240 cm by 189 cm.
The response console, which was mounted on
one wall, contained two Lehigh Valley human
response panels placed 24 cm apart. A points
counter was mounted midway between the re-
sponse panels, which were operated by a force
of 6 N, producing an audible "click." The
experiments were controlled by, and data were
recorded on, an Apple® II microcomputer sit-
uated outside the cubicle.
Procedure

In the first session only the right-hand panel,
hereafter referred to as Key A, was operative.
The following instructions (cf. Bradshaw, Sza-
badi, & Bevan, 1979) were given to the subjects
in Experiments 1, 2, 5 and 6:

This is a situation in which you can earn money.
You earn money simply by pressing the right-
hand key. Sometimes when you press the key
the counter will click and increment one point.
This means you will have earned one penny.
The total amount you have earned is shown on
the counter. You can tell when you have pressed
the key properly by listening for a slight click
coming from inside the key. When the key is

lit up with a shape, it means that you are able
to earn money. At the beginning of the session,
the key will be lit for 10 minutes: throughout
this time you can earn money. At the end of 10
minutes the key will go blank and will remain
like this for 5 minutes. During this time you
may rest. After the rest period the key will be
lit up with another shape for 10 minutes, and
so on, until six different shapes have been pre-
sented. The order of the shapes with which the
key is lit will vary from day to day. At the end
of each session we will take the reading from
the counter and note down how much you have
earned. You will be paid in a lump sum at the
end of the experiment. If you are right-handed
use only your right hand for key pressing; if
you are left-handed use only your left hand for
key pressing.

In Experiments 3 and 4 these and subsequent
instructions were altered by replacing the ref-
erences to "shapes" with "row of dots."

Six different constant-probability VI sched-
ules (Catania & Reynolds, 1968), each con-
sisting of 30 intervals in a randomized se-
quence, were in operation on Key A. As in the
Bradshaw procedure, no further reinforcers
could be scheduled until a reinforcer that had
been set up had been collected. During the
operation of each VI schedule, which lasted
10 min, the response panel was illuminated
with the appropriate stimulus; in four of the
experiments (1, 2, 5 and 6) these stimuli were
geometric shapes. The following schedules and
their associated stimulus shapes were em-
ployed: VI 10 s (+); VI 20 s (O); VI 50 s (AL);
VI 175 s (-); VI 500 s (0); VI 720 s (0). (The
stimuli used in Experiments 3 and 4 are de-
scribed in the Method section of those exper-
iments.) The 10-min schedule presentations
alternated with 5-min rest periods. The order
of presentation of VI schedules in the first
session was VI 50 s, VI 10 s, VI 20 s, VI 175
s, VI 720 s, and VI 500 s.

In the second session, the left-hand panel
(Key B) was also operative, and the following
instructions were given to the subjects:

As you can see there is a key to the left of the
counter. This key has one shape associated with
it. While the key is lit up with this shape you
have an opportunity to earn money by pressing
the key. As with the other key, sometimes when
you press, the counter will click over and in-
crement one point: this means you will have
earned one penny. This key will be lit up
throughout the session apart from rest periods.
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If at any stage, while pressing the right-hand
key you think it might be a good idea to change
to this key, you may do so and you may switch
back again any time you wish. Thus throughout
the session you have a choice between two keys.
If you are right-handed, use only your right
hand for key pressing; if you are left-handed,
use only your left hand for key pressing.

Thus, in addition to the six schedules in
operation on Key A, a VI 50-s schedule was
concurrently operative on Key B, which was
illuminated by the same stimulus that signaled
VI 50 s on Key A (e.g., the triangle, when
geometric shapes were used). In any one ses-
sion, the six concurrent schedules were pre-
sented in a quasi-random sequence, with the
constraint that each occurred in a different
ordinal position on successive days. In line with
the Bradshaw studies, no COD was employed
in three of the six experiments (i.e., Experi-
ments 1, 3, and 5); in the remaining experi-
ments a 3-s COD was operative, and responses
emitted during the first 3 s following a change-
over response had no scheduled consequences.

Each reinforcement consisted of the addition
of 1 point to the counter; the monetary ex-
change rate was the same as that used in the
Bradshaw studies (i.e., 1 penny per point
earned). This yielded average earnings per ses-
sion of approximately £1.50 ($2.55) to £1.80
($3.06). The instructions to subjects described
above were closely modeled on those of Brad-
shaw, Szabadi, and Bevan (1979), with the
addition that all subjects were asked not to
speak to anyone other than the experimenter
about the study. As in the Bradshaw proce-
dures, 16 1.5-hr sessions were conducted with
each of the subjects.
At the end of the experiment, subjects were

asked to complete a questionnaire consisting
of 15 main questions, eight of which branched
to one or two additional questions in the event
of a "yes" response. The questionnaire was
designed to present subjects with the oppor-
tunity to describe the scheduled contingencies
and to give an account of the factors that they
considered determined their responding. In or-
der to minimize biasing of subjects' verbaliza-
tions, the questionnaire was organized in such
a way as to present questions of a very general
nature initially (e.g., Q. 1, "What did you think
the experiment was about?"). Subsequent
questions were progressively more focused (e.g.,
Q.3, "What was your reason for continuing

to press on the keys?" and Q.4, "How did you
set about winning points?"). Subjects were then
asked in Q.6 whether, and if so why, they had
any preferences among the schedule stimuli;
in Q.8 they were asked whether they consid-
ered that the schedule stimuli had any partic-
ular relationship to the points they earned, and
if so, what they thought that relationship was.

Following questions aimed at investigating
the possibility of a general position bias in
response allocation, more detailed questions
(Q.11 through 13) were presented, inviting
subjects to describe how they distributed their
responding across the operanda during a ses-
sion and, if this changed in the course of the
experiment, to provide a chronological account
of their responding. Finally, subjects were
asked whether they had any other information
that might have a bearing on how their per-
formances might be understood.
Upon completion of the six experiments,

subjects' postexperimental questionnaire re-
sponses were analyzed with a view to (a) iden-
tifying and categorizing any performance rules
they might have used to guide their behavior
and (b) identifying their order of preference
for the schedules. First we delineated five cat-
egories of choice performance, each defined in
terms of a specified range of generalized
matching equation slope values as follows: in-
difference (-0.20 to 0.25); undermatching (0.30
to 0.75); approximate matching (0.80 to 1.25);
overmatching (> 1.3); and exclusive preference
(responding allocated to the richer alternative
on all six concurrent schedules). Subjects' ver-
bal reports were then sorted "blind" by one of
the experimenters (P. J. Horne), each subject's
performance rules being assigned to one of five
corresponding categories on the basis of the
performance that should ensue were the rules
to be followed. For example, a subject might
report that she followed a performance rule to
the effect that the higher the schedule value,
the more she should respond. On the face of
it, were this rule to be followed, a performance
close to matching should result, so the rule
would be classified as approximate matching.
On the other hand, a subject might report that
because she had no preference between sched-
ules, she decided to allocate responding ran-
domly across the keys; this would be classified
as an indifference rule. Not all rule statements
were as straightforward as these, however (see
Table 1 for examples in each category), and
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Table 1

Examples of performance rules assigned to each of the five
categories.

Category Examples of performance rules

Indifference Subject TM, Experiment 1: I tried
several strategies including press-
ing particular parts of the geomet-
ric shapes, spacing responses apart
in time by one second or more and
changing from one key to the other
after a given number of presses.
This did not seem to produce more
points than if I pressed them ran-
domly. So, after experimenting
with the aforesaid ideas I contin-
ued to press randomly.

Subject PB, Experiment 3: I pressed
the left and right keys equally of-
ten beginning at two (presses) on
the right and two on the left, up to
24 on each key.

Undermatching Subject JP, Experiment 2: For the
"+" (VI 10 s) and the "o" (VI 20
s) schedules you could press these
mostly continually and be fairly
sure of a good score. Of the re-
maining shapes it was difficult to
gain points so I would change to
the left-hand key (VI 50 s) for
about 40% of the time while these
shapes were lit up.

Matching Subject NL, Experiment 3: For each
combination I pressed the button
which I felt would increment me
most, at the same time occasionally
pressing the other button. The
number of times that I pressed the
lower increment button depended
on my assessment of its increment
value (see Table 2). The button
giving me the most money received
in return the greater share of my
presses.

Overmatching Subject RE, Experiment 6: I pressed
the cross (VI 10 s) and the circle
(VI 20 s) for most of the time,
very rarely pressing the triangle
(VI 50 s). For the others I pressed
the triangle for the majority of the
time.

Exclusive Subject CM, Experiment 4: As a re-
preference sult of testing different numbers of

presses I decided that I could get
more points by only pressing the
key giving more points. Changing
between keys meant lost opportu-
nities to win points on the richer
key.

some contained elements of different rule types.
In each case, the rater attempted to assess what
performance category each subject's rule or

combination of rules would give rise to. In

order to check the reliability of this method of
categorization, an independent sorting of sub-
jects' performance rules was conducted by an
independent rater who was acquainted with
matching theory but not with these experi-
ments. The independent rater was given the
30 verbal reports coded by number and was
asked to assign each report to one of the five
performance categories on the basis of the per-
formance that in his view would have occurred
were the rules to be followed. The extent of
agreement between the two independent sets
of categorizations was then analyzed using the
kappa statistic (see Siegel & Castellan, 1988),
which provides a measure of interrater agree-
ment corrected for agreements expected on the
basis of chance. The outcome of these analyses
is reported in the General Results section. Sub-
jects' rule categories, performance categories,
and generalized matching equation slope val-
ues are given in Table 2.

EXPERIMENT 1
In this experiment, the procedure was sim-

ilar to that of the two-manipulandum exper-
iments conducted by Bradshaw and collabo-
rators, but an attempt was made to eliminate
ordinal cues related to the VI schedules com-
prising Component A by (a) employing indi-
vidual geometric shapes to signal the VI sched-
ules and (b) presenting the VI schedules, in
the first experimental session, in a nonordinal
sequence (i.e., not in an ascending order of
interval value). An additional schedule (i.e.,
concurrent VI 50 s VI 500 s) was also included
in the present procedure to provide a more
reliable test of Equations 1 through 4.

METHOD
Subjects

Five subjects, 3 female (CT, TM, and JT)
and 2 male (KW and JB), took part.
Procedure
The operation of each VI schedule, whether

in Component A or Component B, was sig-
naled by a corresponding geometric shape pro-
jected onto Key A and Key B, respectively. No
COD was employed.

RESULTS
In this and subsequent experiments, data

from the last three experimental sessions were
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Table 2

A comparison of subjects' schedule rankings,a performance rule categories,b obtained generalized
matching equation slope values, and performance categories.b

Perfor- Perfor-
Rule mance Rule mance

Schedule cate- cate- Sub- Schedule cate- cate-
Subject ranking gory Slope gory jects ranking gory Slope gory

Experiment 1 Experiment 4
CT 1,2,3,4=6,5 U 0.53 U PH 1,2,6,3,4=5 M 1.13 M
TM 1,3,2=6,4,5 I 0.03 I RC 1,2,3,4,5,6 M 0.92 M
JT 1,2,3,4=6,5 I 0.04 I DJ 1,2,3,4=5=6 U 0.38 U
KW 1,2,3,5,4=6 I 0.07 I DK 1,2=3=4=5,6 I 0.03 I
JB 1,2,3,6,5,4 I -0.06 I CM 1,2,3,4,5,6 EP c EP

Experiment 2 Experiment 5
JP 1,2,3,4=5=6 U 0.62 U DE 1,2,3,4,5,6 0 2.01 0
CP 1,2,3,4=5=6 U 0.59 U SM 1,2,3,4,5,6 0 1.56 0
DF 1,2,3,6,4,5 U 0.45 U TJ 1,2,3,4,5,6 M 0.87 M
KW 1,2,3,5,6,4 U 0.37 U MW 1,2,3=4,5,6 U 0.54 U
IJ 1,2,3,5,6,4 I 0.15 I JC 1,2,3,4,5,6 I 0.17 I

Experiment 3 Experiment 6
NL 1,2,3,4,5,6 M 0.98 M RE 1,2,3,4,5=6 0 1.81 0
SP 1,2,3,4,5,6 M 0.79 M BL 1,2,3=4,5=6 M 0.84 M
SC 1,2,3,=4=5,6 U 0.56 U WJ 1,2,3,4=5=6 U 0.55 U
CLd 1,2,3,4,5,6 0 1.12 M FP 1,2,3,4,5,6 EP _C EP
PB 1,4,2,5,3,6 I 0.07 I NW 1,2,3,4,5,6 EP c EP

a 1 = VI 10 s, 2 = VI 20 s, 3 = VI 50 s, 4 = VI 175 s, 5 = VI 500 s, 6 = VI 720 s; equal preference between pairs
of schedules is indicated by =.

b I = indifference, U = undermatching, M = approximate matching; 0 = overmatching, EP = exclusive responding
to the richer alternative on all six concurrent schedules.

c Linear regression analysis is not possible in these cases because subjects responded on only one alternative of all
six concurrent schedules.

d Data from Session 16 only.

used to calculate mean response rates and mean
frequency of obtained reinforcement on each
schedule value. Visual inspection of response
rates showed the behavior of all 5 subjects to
be stable over the last five sessions.

Responding on Key A and Key B
In Figure 1, responses per minute on Key

A and Key B are plotted against reinforcers
per hour obtained in Component A. Curves
having the forms defined by Equations 1 and
2 were fitted to the data by nonlinear regres-
sion analysis (Bradshaw, 1977; Wilkinson,
1961). Derived values of K, ro, and p2 (where
p2 is the proportion of the y values that can
be accounted for in terms of x, in a curvilinear
function; see Bradshaw, Szabadi, & Bevan,
1979; Lewis, 1960) are presented in Table 3.
The best fit of Equation 1 to the data was
obtained for Subject CT, although p2 was be-
low the criterion of 80% and ro was negative.
Because ro has been defined theoretically as

"the reinforcement frequency needed to main-
tain half-maximal response rate" (Bradshaw
et al., 1976) or, alternatively, "all extraneous
alternative sources of reinforcement in the ex-
perimental setting" (Herrnstein, 1970), neg-
ative values of ro become psychologically
meaningless. In the case of the remaining 4
subjects, p2 values were so low as to preclude
meaningful interpretation of the derived pa-
rameters.
An adequate fit to Equation 2 (p2 > 80%)

was obtained only for Subjects CT and TM
(see Table 3). In summary, with respect to
responding on both Key A and Key B, Equa-
tions 1 and 2 described the data of at best only
1 of the 5 subjects (CT) in this experiment.

The Matching Law
Even when p2 values are disregarded, Table

3 shows that none of the subjects had similar
values of K and ro across Equations 1 and 2.
Because these parameters are not invariant,
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Fig. 1. Mean response rates in Component A (RA, filled circles) and Component B (RB, filled triangles) plotted
against mean delivered reinforcement frequency in Component A (rA), for each subject in Experiment 1. Unless
otherwise indicated, in this and subsequent figures, data points are based on the last three sessions. Curves are best
fit rectangular hyperbolae, fitted by nonlinear regression analysis.

and indeed the differences are great across the
two Components A and B, Equations 1 and 2
may not be combined to yield Herrnstein's
matching law (i.e., Equation 3).

Figure 2 shows, for each subject, the ratios
of response rates in the two components (RA/
RB) as a function of the ratios of reinforcement
frequencies delivered in the two components
(rA/rB), using double logarithmic coordinates
(cf. Baum, 1974). Linear functions were de-
rived by the method of least squares. The slope
of the fitted line is a measure of the exponent
a, and the intercept is a measure of k, in Equa-
tion 4. The behavior of none of the 5 subjects
conformed to Herrnstein's matching law
(Equation 3) and only 1, CT, might be said
to conform to the generalized matching law
(Equation 4); even this subject undermatched

considerably (a = 0.53). The remaining 4 sub-
jects had values of a close to zero.

Verbal Reports
In Experiment 1, Subjects TM, JT, KW,

and JB reported schedule preferences that did
not accurately reflect the scheduled contingen-
cies (see Table 2). Moreover, as is illustrated
in Table 1, they articulated indifference per-
formance rules and, consistent with these rules,
their choice performances yielded generalized
matching equation slope values close to zero.

Subject CT accurately ranked the three
richest schedules with respect to reinforcement
frequency, and her performance rules were
classified as undermatching. The categoriza-
tion of her performance rules was consistent

36

(CT) (J T)

so a *

I

10(

LL

D
z

cn
LU

C.

LU
Cl)
z
0
Co
lU



HUMAN PERFORMANCE ON CONCURRENT SCHEDULES 37

Table 3

Estimated values of the parameters K (response rate at asymptote), and ro (a measure of
unscheduled reinforcement in the experimental setting) obtained by nonlinear regression analysis
from plots of mean response rate versus mean delivered reinforcement frequency, together with
p2 estimates (percentage of variance accounted for by the fitted hyperbola), for all subjects in
Experiments 1 through 6. Mean response rates and mean delivered reinforcement frequencies
were derived from data obtained in the last three experimental sessions.

Parameter estimates

Upward curve Downward curve

Subjects K rO p2 K rO p2

Experiment 1
CT 82.06 -34.81 76.03 76.41 15.34 95.83
TM 54.32 -62.57 54.00 1,497.10 2,798.86 78.80
JT 53.58 -68.33 11.32 1,028.60 1,890.46 45.75
KW 58.70 -59.97 34.95 a
JB 124.36 -62.31 13.27 -

Experiment 2
JP 27.48 -33.97 20.99 7.59 -12.72 94.00
CP 315.40 -24.26 84.08
DF 229.13 -46.67 20.99 313.87 55.40 75.05
KW 170.94 -47.67 32.10 295.84 76.88 87.03
IJ 161.13 -39.84 0.45 998.44 442.36 43.55

Experiment 3
NL 343.02 -11.79 95.01 315.05 5.23 95.47
SP 217.69 -16.54 98.11 90.85 -19.89 93.38
SC 141.45 -45.03 92.45 225.87 26.88 96.16
CLb 234.04 -58.39 2.96 -
CL 310.50 -26.60 80.78 252.34 4.25 93.42
PB 146.66 -59.84 39.76

Experiment 4
PH 288.84 28.81 98.59 178.15 -10.08 95.49
RC 332.64 22.49 94.89 233.42 1.86 95.52
DJ 189.34 -45.77 68.34 519.85 113.36 84.42
DK 87.64 -50.24 16.15 -
CM 224.28 -14.87 98.08

Experiment 5
DE 370.24 26.44 96.74
SM 329.24 -5.26 94.31
TJ 278.45 -19.01 81.39
MW 97.30 -51.45 10.63
JC 22.57 -53.74 71.47 457.72 988.04 79.61

Experiment 6
RE 338.63 19.93 98.99 180.75 -14.85 96.44
BL 300.34 2.71 91.53 239.95 1.95 92.12
WJ 192.63 136.89 85.13 231.80 113.27 84.67
FP 303.00 31.63 98.97 113.16 -21.92 98.61
NW 279.25 -27.00 99.99 -

a Dash indicates that a fit to the data was not possible.
bIn the case of Subject CL, Experiment 3, two sets of data are presented; the first is derived from the mean of

Sessions 13, 14 and 15, and the second is from Session 16 only.

with her generalized matching equation slope concurrent VI VI procedure failed to conform
value (a = 0.53). to both Equations 1 and 2 or to the generalized

matching law. Moreover, the performance of
DISCUSSION none of the 5 subjects could be described by

When ordinal cues were minimized, the both Equations 1 and 2, or by Equation 3.
performance of 4 out of 5 subjects on a multiple These findings differ greatly from those of the
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Fig. 2. Ratios of mean response rates in the two components (RA/RB) plotted against ratios of mean delivered
reinforcement frequencies in the two components (rA/rB), using double logarithmic coordinates, for each subject in
Experiment 1. Means are based on the last three sessions. The straight lines are the best fit linear functions obtained
by the least squares method. Equations for the linear functions are shown in each panel, together with r2 values
(proportions of data variance accounted for by the linear functions).

Bradshaw experiments but are consistent with

other studies of human performance on con-
current schedules (Navarick & Chellsen, 1983;
Oscar-Berman et al., 1980; Pierce et al., 1981;
Poppen, 1982; Schmitt, 1974; Takahashi &
Iwamoto, 1986). All 5 subjects' choice perfor-
mances were consistent with their performance
rules.

EXPERIMENT 2
Experiment 1 showed that when ordinal cues

were eliminated from the Bradshaw proce-
dure, 4 out of 5 subjects failed to show any
evidence of matching. It is possible, however,
that the basic procedure could have yielded
matching if other variables were altered. For
example, although no COD was used in the

Bradshaw studies, it has been argued that a

COD should generally be included in concur-
rent schedule procedures (Catania, 1966;
McSweeney et al., 1983). This experiment in-
vestigated the addition of a COD to the pro-
cedure employed in Experiment 1.

METHOD
Subjects

Five subjects, 3 female (DF, KW, and JP)
and 2 male (CP and IJ), took part.

Procedure
The apparatus and procedure were identical

to those of Experiment 1, except that a 3-s
COD was employed throughout.
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Fig. 3. Mean response rates in Component A (RA, filled circles) and Component B (RB, filled triangles) plotted

against mean delivered reinforcement frequency in Component A (rA), for each subject in Experiment 2.

RESULTS
Visual inspection of response rates showed

that the behavior of Subjects KW and IJ over
the last five sessions was stable. For Subjects
JP, CP, and DF, there was a decreasing trend
in sensitivity to relative reinforcement.

Responding on Key A and Key B
Figure 3 shows responses per minute on Key

A and Key B plotted against reinforcements
per hour obtained in Component A. The per-
formance of only 1 of the 5 subjects (CP) could
be described by Equation 1, although the ro
value for this subject was negative (see Table
3). For the remaining subjects, all p2 values
were very low and all derived values of ro were
negative. An adequate fit of Equation 2 to the
data was obtained for only 2 of the 5 subjects
UP and KW).

The Matching Law
There was no case in the performance of

any of the 5 subjects in which both K and ro
were invariant across Equations 1 and 2 (see
Table 3). Consequently, these equations may
not be combined to yield Equation 3. The re-
gression analyses (Figure 4) show that the data
for Subjects JP and CP were well described
by Equation 4, although the values of a in-
dicated considerable undermatching. More-
over, Subject CP showed exclusive responding
(i.e., he responded only on the richer of the
two components) on concurrent VI 50 s VI 10
s, and almost exclusive responding on concur-
rent VI 50 s VI 20 s; consequently, only five
data points could be computed for this subject.
Similarly, Subject JP's performance was close
to exclusive preference on concurrent VI 50 s

VI 10 s. The r2 values for Subjects DF and
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Fig. 4. Ratios of mean response rates in the two components (RA/RB) plotted against ratios of mean reinforcement
frequencies in the two components (rA/rB), using double logarithmic coordinates, for each subject in Experiment 2.

KW were low, and the values of a represent
gross undermatching. The U-shaped distri-
bution of the data points for IJ (r2 = 25%; a
= 0.15) is clearly inappropriate for linear re-

gression analysis.

Verbal Reports
SubjectsJP (see Table 1), CP, DF, and KW

all reported undermatching performance rules
(see Table 2) that were consistent with their
undermatching performances. Subjects JP and
CP ranked the three richer schedules accu-

rately but reported equal preference among the
three leaner schedules. Although JP expressed
no preference between the three leaner sched-
ules, there was a slight progressive shift in her
relative responding from Component A to
Component B as scheduled reinforcement fre-
quency decreased on Component A from VI
175 s to VI 720 s (see Figure 4). For Subjects
DF and KW, even though their ranking did

not correspond closely to the scheduled con-

tingencies, there was a close correspondence
between their stated order of preference and
their relative responding on the keys (see Table
2 and Figure 4). Subject IJ ranked only the
three richer schedules accurately and reported
indifference performance rules consistent with
a generalized matching equation slope of 0. 15.

DISCUSSION
The addition of a COD to our procedure

did little to produce conformity to the gener-
alized matching law of a kind observed in non-
human studies; the predominant outcome was
gross undermatching, as compared to indiffer-
ence in Experiment 1. The performance of
none of these subjects conformed (p2 > 80%)
to both single-rate equations.
An interesting feature was the strong ten-

dency towards exclusive responding shown by
2 subjects on the richest schedules. Given the
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failure to sample one of the concurrently avail-
able alternatives, such responding represents
at best trivial matching. Because exclusive re-
sponding did not occur in Experiment 1, it
may have been the case that the 3-s COD
was responsible for its occurrence in Experi-
ment 2.
As was the case in Experiment 1, subjects

reported idiosyncratic formulations of the con-
tingencies and response strategies. However,
there were fewer instances of alternation strat-
egies; the operation of the COD would have
made such strategies particularly unproduc-
tive. As in Experiment 1, there was a cor-
respondence between what many of the sub-
jects said and what they did, although this was
not invariably true. For example, although
Subject JP reported no differential rule for
responding on VI 175 s, VI 500 s, and VI 720
s, her relative rates of responding showed some
sensitivity to reinforcement frequency on these
schedules.

EXPERIMENT 3
One reason the findings of Experiments 1

and 2 were not in agreement with those of
Bradshaw and colleagues might have been that
our experiments lacked the ordinal cues that
operated implicitly in the Bradshaw proce-
dure. Bradshaw and colleagues employed an
array of five lights, illumination of one of which
corresponded to the operation of a particular
VI schedule. In the present experiment, there-
fore, a stimulus analog of this array was em-
ployed in place of the geometric stimuli used
in Experiments 1 and 2.

METHOD
Subjects

Five subjects, 3 female (SP, CL, and PB)
and 2 male (NL and SC), took part.
Apparatus and Procedure
The procedure was the same as that used

in the first two experiments, except that the
schedule stimuli (geometric shapes) used in
Experiments 1 and 2 were replaced by a row
of six filled circles, one of which was colored
red and the remainder were black. The posi-
tion of the red circle was ordinally related to
the scheduled reinforcement frequency in the
same manner as the position of the illuminated
light in the array employed by Bradshaw and

colleagues. When the VI 10-s schedule was
operative, the left-most circle was red; when
the VI 20-s schedule was operative, the next
to left-most circle was red, and so on. The
instructions described in the General Method
section were modified by replacing references
to "shapes" with "row of dots." As in Exper-
iment 1, no COD was employed.

RESULTS
Visual inspection of response rates over the

last five sessions showed that the behavior of
Subjects NL and PB was stable. This was also
true for Subject CL, with the exception of data
obtained in her last session. For Subjects SP
and SC, there was a slight decreasing trend in
sensitivity to relative reinforcement.

Responding on Key A and Key B
Figure 5 shows responses per minute on Key

A and Key B plotted against reinforcements
per hour obtained in Component A. With the
exception of Subject CL, these results are based
upon the last three sessions of responding; the
function for CL excludes data obtained on the
last day of the study and represents the mean
of the preceding three sessions. (The reason
for this omission is discussed below.) These
data, together with those in Table 3, show that
the performance of Subjects NL, SP and SC
was well described by Equation 1, although
in all cases the parameter ro was negative; the
data for PB and CL were poorly described by
Equation 1. Equation 2 provided a good fit to
the data for Subjects NL, SP, and SC, with
the qualification that ro was negative for SP's
data. In the case of PB and CL, it was not
possible to fit Equation 2 to the data. Disre-
garding the incidence of negative ro values, the
single-rate equations provided a very good
mathematical fit to the data of 3 subjects; the
p2 values exceeded 92% with a mean of 96%,
an outcome similar to that reported by Brad-
shaw and colleagues.

The Matching Law
There was no case in the performance of

any of the 5 subjects in which both K and ro
were invariant across Equations 1 and 2 (see
Table 3). Consequently, these equations may
not be combined to yield Equation 3. The re-
gression analyses for the 5 subjects are shown
in Figure 6. Except in the case of Subject CL,
these results are based upon the last three ses-
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Fig. 5. Mean response rates in Component A (RA, filled circles) and Component B (RB, filled triangles) plotted
against mean delivered reinforcement frequency in Component A (rA), for each subject in Experiment 3. With the
exception of CL (see text), for whom data points are based on Sessions 13, 14, and 15, means are from the last three
sessions.

sions of responding; the function for CL ex-

cludes data obtained on the last day of the study
and represents the mean of the preceding three
sessions. The data for 3 of the 5 subjects (NL,
SP, and SC) were well described by the gen-
eralized matching equation, and matching-like
responding was present from the second ses-

sion onwards; by the third session, values of a

were 1.7, 1.3, and 0.8, respectively. This was

not true for the remaining 2 subjects (CL and
PB), each of whose performance was poorly
described by the generalized matching equa-
tion, with values of a indicative of indifference.

Subject CL
In her last experimental session, the per-

formance of Subject CL differed markedly from
that in the preceding sessions. Figure 7 shows
responses per minute on Key A and Key B
plotted against reinforcements per hour ob-

tained in Component A during the last session.
These data were adequately described by
Equation 1 and better described by Equation
2. In terms of the generalized matching equa-

tion, the regression analysis shows that these
data were well described, with a value of a

close to ideal matching.

Verbal Reports
Subject NL accurately ranked the schedules

and reported performance rules that were cat-
egorized as matching (see Table 1); his per-

formance showed ideal matching. Although for
much of the study Subject CL's performance
had been insensitive to reinforcement fre-
quency on the leaner concurrent VI schedules,
it changed markedly from Session 15 to 16.
She revealed at the end of the experiment that
she had spent some time during the evening
before her last session with Subject NL; the
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Fig. 6. Ratios of mean response rates in the two components (RA/RB) plotted against ratios of mean delivered
reinforcement frequencies in the two components (rA/rB), using double logarithmic coordinates, for each subject in
Experiment 3. With the exception of CL, for whom data points were based on Sessions 13, 14, and 15, means are

from the last three sessions.

following day, her performance in Session 16
was close to ideal matching. She reported: "In
the last session I cheated! Last night I was told
by [NL] to press the left-hand key quickly and
frequently when the red dot [on the right-hand
key] was in the low scoring position in order
to gain more points." This new rule for re-

sponding on the leaner schedules contrasted
markedly with that which she said she had
formulated prior to her conversation with NL,
which was a combination of an overmatching
rule on some schedules and an antimatching
rule on the leaner schedules. For the last ses-
sion she accurately ranked the schedules, and
her performance rules were categorized as

overmatching, although in fact her perfor-
mance was closer to ideal matching (see Table
2).

Subject SP ranked the schedules accurately

and reported an approximate matching rule
consistent with her performance. Subject SC
accurately ranked the three richer schedules
but expressed an equal preference for VI 50
s, VI 175 s, and VI 500 s. Her undermatching
performance rule was consistent with her
schedule behavior (see Table 2). Subject PB's
ranking of the stimuli diverged greatly from
the scheduled reinforcement frequencies. She
reported an indifference rule (see Table 1)
consistent with her generalized matching
equation slope of 0.07.

DISCUSSION
By the end of this experiment, 4 subjects

showed matching-like behavior, with more than
96% of data variance (r2) accounted for by the
generalized matching equation and perfor-
mances similar to those observed in studies
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Fig. 7. Absolute response rates in Component A (RA,
filled circles) and Component B (RB, filled triangles) plot-
ted against delivered reinforcement frequency in Com-
ponent A (rA), for Subject CL in Session 16, are presented
in the upper panel. The best fit linear function of response
ratios over reinforcer ratios is presented in the lower panel.

with nonhumans. This was in contrast to Ex-
periment 1, in which ordinal cues were not
employed, and in which the only subject to
approximate a matching-like performance
(CT) showed considerable undermatching.
Two aspects of the development of schedule
performances in this experiment were partic-
ularly interesting. First, with the exception of
CL, matching-like behavior, when it did occur,
developed rapidly over the first few sessions
and prevailed until the end of the experiment.
Second, in the case of CL, an indifference per-
formance in earlier sessions changed abruptly
to one of ideal matching in the final session.
This sudden change was consistent with her
report that following her conversation with
Subject NL, she adopted his response strategy.
These two features, namely rapid convergence
on a matching-like strategy and abrupt qual-
itative change in the pattern of behavior al-
location caused by another subject's verbal in-
struction, suggest that much of the schedule

performance of these subjects may be rule gov-
erned.

It appears that the ordinal cues employed
in this experiment exerted their effect by virtue
of the fact that they functioned as verbal stim-
uli (see General Discussion), providing sub-
jects with implicit information about the
scheduled relative reinforcement frequencies
comprising ComponentsA and B. Subjects who
interpreted the cues in this fashion had only
to sample the schedules to corroborate the im-
plicit information. The ordinal schedule cues
appeared to reduce the probability of subjects'
formulating complex numerical response al-
ternation rules, such as were reported by those
subjects in Experiments 1 and 2 whose be-
havior was insensitive to the scheduled contin-
gencies.

EXPERIMENT 4
In Experiment 3, which employed "im-

plicit" ordinal schedule stimuli, 4 out of 5 sub-
jects showed conformity to the generalized
matching equation. The purpose of the present
experiment was to determine whether the ad-
dition of a 3-s COD to this procedure might
affect the incidence of matching.

METHOD
Subjects

Five subjects, 4 female (RC, DJ, DK, and
CM) and 1 male (PH), took part.
Apparatus and Procedure
The apparatus and procedure were identical

to those employed in Experiment 3, except that
a 3-s COD was implemented.

RESULTS
Visual inspection of response rates showed

the behavior of Subjects PH, DJ, DK, and
CM to be stable over the last five sessions. For
Subject RC, there was a slightly decreasing
trend in sensitivity to relative reinforcement.

Responding on Key A and Key B
Figure 8 shows that the performance of 3

subjects (PH, RC, and CM) was well de-
scribed by Equation 1, although ro was neg-
ative for Subject CM. For the remaining 2
subjects (DJ and DK), Equation 1 provided
a poor description of the data. Equation 2 pro-
vided a good fit to the data of 3 subjects (PH,
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Fig. 8. Mean response rates in Component A (RA, filled circles) and Component B (RB, filled triangles) plotted
against mean delivered reinforcement frequency in Component A (rA), for each subject in Experiment 4.

RC, and DJ), although ro was negative for
PH. For the remaining 2 subjects (DK and
CM), it was not possible to fit Equation 2 to
the data.

The Matching Law
There was no instance in the performance

of the 5 subjects in which both K and ro were
invariant across Equations 1 and 2 (see Table
3). Consequently, these equations may not be
combined to yield Equation 3. The regression
analyses presented in Figure 9 show that the
data for PH and RC were well described by
the generalized matching equation, with val-
ues of a close to ideal matching. The perfor-
mance of DJ represented undermatching, but
of a kind rarely encountered in studies of non-
humans, particularly when a COD of 3 s is
employed (McSweeney et al., 1983). The gen-
eralized matching equation provided a poor
description of the data for Subject DK, whose

performance could be described as indiffer-
ence, with a value of a close to zero. In the
last two sessions, Subject CM responded ex-

clusively to the richer alternative of all six
concurrent schedules; this pattern of behavior
is unknown in the concurrent VI literature on
nonhumans and cannot be described by the
generalized matching equation.

Verbal Reports
PH and RC, both ofwhom accurately ranked

the schedule stimuli, reported approximate
matching rules consistent with their schedule
performances. Subject DJ accurately ranked
the three richer schedules but expressed an

equal preference for the three leaner schedules.
She reported an undermatching performance
rule that was consistent with her schedule per-

formance. DK expressed an equal preference
for all but the richest and leanest schedules
and reported an indifference rule consisting of
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Fig. 9. Ratios of mean response rates in the two components (RA/RB) plotted against ratios of mean delivered

reinforcement frequencies in the two components (rA/rB), using double logarithmic coordinates, for each subject in
Experiment 4. Exclusive responding to the richer alternative of all schedules precluded linear regression analysis and
is denoted by EP.

mathematically determined alternating pat-
terns of responding across each pair of sched-
ules. This was consistent with an indifference
schedule performance with a slope of 0.03.

SubjectCM accurately ranked the schedules
but reported an exclusive preference perfor-
mance rule (see Table 1). This rule persisted
despite the fact that in earlier sessions (i.e., 3
through 9) before exclusive responding to all
six concurrent schedules developed (see Table
2), her session score averaged 9 points higher
than in the final sessions when exclusive re-
sponding was firmly established.

DISCUSSION
These results, when compared with those of

Experiment 3, suggest that a COD contin-
gency does not enhance the effect of ordinal
schedule stimuli in such a way as to produce
a reliable convergence on ideal or perfect

matching. The additional contingency appears
to complicate subjects' assessment of the con-

tingencies, resulting in the delayed onset of
matching or the emergence of idiosyncratic
strategies such as responding exclusively to the
richer component of all six concurrent sched-
ules. In the case of exclusive preference, it
could be argued that although responding is
confined to one alternative, the empirical
matching relation is still upheld. This would,
however, certainly be the most trivial form of
matching (Timberlake, 1982) and, further-
more, is inconsistent with Herrnstein's (1974)
original stipulations concerning the relevance
of the empirical matching equation.
The 2 subjects whose performance best ap-

proximated matching reported performance
rules that were consistent with this outcome.
Additional evidence for the role of verbal be-
havior comes from Subject DK. She reported
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devising complex mathematical rules for al-
ternating responding between the keys, and
despite the presence of a COD contingency
that heavily penalized frequent alternation, her
performance (indifference) was entirely con-
sistent with this account.

EXPERIMENT 5
The schedule stimuli employed in Experi-

ments 3 and 4 were somewhat ambiguous or-
dinal cues and did not reliably occasion match-
ing behavior. In this experiment, these stimuli
were placed with instructions explicitly defin-
ing the ordinal relations between schedules with
respect to reinforcement frequency. The geo-
metric shapes employed in Experiments 1 and
2 were reinstated.

METHOD
Subjects

Five subjects, 2 female (SM and JC) and 3
male (DE, TJ, and MW), took part.
Apparatus and Procedure
The apparatus and procedure were identical

to those employed in Experiment 1 (no COD
was used), except that the instruction for the
second and subsequent sessions contained the
following addition:
You will find that more points are available
when the keys are lit up with certain shapes.
This relationship can be described in the fol-
lowing way: + > 0 > A > -> > o where
">" means "provides more points than" and
+, 0, A, -, 0),0 are the six different key shapes.

RESULTS
Visual inspection of the response rates

showed the behavior of all 5 subjects to be
stable over the last five sessions.

Responding on Key A and Key B
Figure 10, together with Table 3, show that

Equation 1 provided an adequate fit to the
data of 3 of the 5 subjects (DE, SM, and TJ),
although ro was negative in the latter two cases.
Equation 2 could be fitted to the data of only
Subject JC.

The Matching Law
The regression analyses presented in Figure

11 show that in terms of r2 estimates, the per-
formances of 3 subjects (DE, SM, and TJ)

were well described by the generalized match-
ing equation, although DE and SM over-
matched to an extent not encountered in the
literature on nonhumans. Both DE and SM
overmatched on the first session (a = 1.30 and
a = 1.40, respectively), and this became more
extreme as the experiment progressed. TJ pro-
duced a good approximation to matching in
the first concurrent VI VI session (a = 0.80)
and thereafter deviated little from ideal match-
ing. MW also showed matching-like behavior
(a = 0.70) on the first concurrent VI VI session
and ideal matching in Session 4; thereafter
performance drifted to undermatching. The
performance of JC could be described as gross
undermatching or indifference throughout the
experiment.

Verbal Reports
Each subject accurately ranked the six

schedules, the only exception being MW, who
ranked VI 50 s and VI 175 s as equal. All
subjects reported performance rules consistent
with their schedule behavior (see Table 2).

DISCUSSION
For 4 of the 5 subjects, performance very

early in the experiment approximated match-
ing. To this extent it appears that explicit in-
structions about the scheduled relative rein-
forcement frequencies can, at least in the short
term, establish a matching-like pattern of re-
sponding. As the experiment progressed, how-
ever, the performance of Subjects DE and SM
diverged in the direction of gross overmatch-
ing, whereas the performance of MW drifted
towards undermatching. Clearly, ordinal in-
structions alone are insufficient to maintain
ideal matching, and the scheduled contingen-
cies do not appear to be sufficient to prevent
a drift away from good approximation to
matching established in early sessions (DE,
SM, TJ, and MW).

EXPERIMENT 6
This experiment was conducted to deter-

mine the effects of the addition of a COD to
the procedure used in Experiment 5.

METHOD
Subjects

Five subjects, 3 female (RE, BL, and FP)
and 2 male (WJ and NW), took part.
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Fig. 10. Mean response rates in Component A (RA, filled circles) and Component B (RB, filled triangles) plotted

against mean delivered reinforcement frequency in Component A (rA), for each subject in Experiment 5.

Apparatus and Procedure
The apparatus and procedure were identical

to those in Experiment 5, except that a COD
of 3 s was employed.

RESULTS
Visual inspection of response rates showed

the behavior of Subjects FP and NW to be
stable over the last five sessions. For RE and
WJ there was a slightly decreasing, and for
BL an increasing, trend in sensitivity to rel-
ative reinforcement.

Responding on Key A and Key B
Figure 12 shows that the performance of all

5 subjects was well described by Equation 1,
with the exception that ro was negative forNW
(see Table 3). Equation 2 provided a good fit
to the data of 4 subjects (RE, BL, WJ, and
FP), although ro was negative for RE and FP.

It was not possible to fit Equation 2 to the
data of NW.

The Matching Law
For all 5 subjects, there was no case in which

both K and ro were invariant across Equations
1 and 2 (see Table 3). Consequently, these
equations may not be combined to yield Equa-
tion 3. The regression analyses presented in
Figure 13 show that in terms of r2 estimates,
the data of 3 subjects (RE, BL and WJ) were

well described by the generalized matching
equation, although Subject RE showed gross
overmatching. Subject BL showed approxi-
mate matching, and WJ undermatched.
Matching-like behavior was apparent in all
subjects in the first session of exposure to the
concurrent schedules (RE, a = 0.90; BL, a =

0.50; WJ, a = 0.80; FP, a = 0.90; and NW,
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Fig. 11. Ratios of mean response rates in the two components (RA/RB) plotted against ratios of mean delivered
reinforcement frequencies in the two components (rA/rB), using double logarithmic coordinates, for each subject in
Experiment 5.

a = 0.60). (The slope estimate for NW, how-
ever, is based on only two data points because
this subject was already responding exclusively
on the four remaining concurrent schedules in
that session.) By the end of the experiment,
both FP and NW responded exclusively to the
richer component on all concurrent schedules
except VI 50 s VI 50 s, where FP responded
equally to both components.
A marked tendency toward exclusive re-

sponding was also apparent in the perfor-
mance of RE, who responded exclusively to
the richer component on concurrent VI 50 s

VI 10 s and in some sessions on concurrent VI
50 s VI 20 s, and virtually exclusively to the
richer component on the three leanest concur-
rent schedules. From Session 4 to Session 11,
Subject BL responded exclusively to the com-

ponent with the higher reinforcement fre-
quency on the two richest, and sometimes on

the two leanest, concurrent schedules.

Verbal Reports
Subjects FP and NW, both of whom cor-

rectly ranked the schedules, articulated exclu-
sive preference rules and responded exclusively
to the richer alternative on all six schedules.
For the remaining subjects, although ranking
was broadly accurate, there were some in-
stances of equal preference of schedules with
differing reinforcement frequency. Subject RE
reported an overmatching rule (see Table 1),
and Subjects BL and WJ reported under-
matching rules; these were consistent with their
schedule performance (see Table 2).

+1

0

-1

-2

49



P. J. HORNE and C. F. LOWE

(RE) (BL)

(F P) (NW)
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Fig. 12. Mean response rates in Component A (RA, filled circles) and Component B (RB, filled triangles) plotted

against mean delivered reinforcement frequency in Component A (rA), for each subject in Experiment 6.

DISCUSSION
This experiment is of interest not only be-

cause it documents choice behavior that is pe-
culiar to human subjects but also because it
extends the literature on instructed human op-
erant behavior. In complex schedules of this
type, a simple verbal instruction relating to the
ordinal value of the schedule, as used in Ex-
periments 5 and 6, gives rise to a variety of
performances. When compared with the find-
ings of Experiment 5, there was no evidence
that the introduction of the COD facilitated
the development of matching. Indeed, as was

the case in Experiment 4, the COD appears
to have given rise to a form of responding on

concurrent schedules unique to humans (i.e.,
exclusive preference) but with very few in-
stances of undermatching or indifference (cf.
Experiments 1 and 2).

GENERAL RESULTS

Herrnstein's Single-Rate Equations and the
Empirical Matching Relation

If a p2 estimate equal to or greater than 80%
is adopted as the relevant criterion (de Villiers,
1977; de Villiers & Herrnstein, 1976), the data
of half the subjects participating in this series
of experiments were satisfactorily described by
either Equation 1 or Equation 2, but only one
third were described by both Equations 1 and
2. The single-rate equation does not, therefore,
reliably describe human responding in the
multiple concurrent VI schedule procedure
employed in these experiments. Recent as-
sessments of the literature (Dougan & Mc-
Sweeney, 1985; Warren-Boulton, Silberberg,
Gray, & Ollom, 1985) have shown that much
the same is true of nonhuman performance.
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Fig. 13. Ratios of mean response rates in the two components (RA/RB) plotted against ratios of mean delivered

reinforcement frequencies in the two components (rA/rB), using double logarithmic coordinates, for each subject in
Experiment 6. Exclusive responding to the richer alternative of all schedules is denoted by EP.

The results of Bradshaw and colleagues, on

the other hand, show excellent conformity of
human choice data to the single-rate equation
(Bradshaw & Szabadi, 1988). However, by the
end of Experiment 3, which of the present
series of experiments most closely resembled
the Bradshaw procedure, the data of 4 of the
5 subjects were well described by the single-
rate equations, with a mean p2 value of 92%
for Equation 1 and 96% for Equation 2. In
certain circumstances, therefore, and for cer-

tain subjects, Herrnstein's single-rate equa-

tions can provide a good mathematical descrip-
tion of human choice data. What constitutes
such circumstances will be discussed below.
The p2 criterion provides an estimate only

of the mathematical, as opposed to the theo-
retical, utility of the single-rate equations. Of
those cases meeting thep2 criterion, the derived
parameter ro was negative in 62.5% of in-

stances for Equation 1 and 33.3% for Equation
2. Furthermore, 7 of the 17 human subjects in
the studies by Bradshaw and colleagues pro-
duced data with negative r0 values (SM, 1976;
LK, Bradshaw, Szabadi, & Bevan, 1979; B,
C, D, E and F, 1981). The high incidence of
negative values of this parameter accords well
with that observed in studies with nonhumans
(McSweeney et al., 1983). Because ro theo-
retically represents the incidence of unsched-
uled reinforcement in the experimental setting
(Herrnstein, 1970) and is central to the as-

sumptions underlying Herrnstein's derivation
of the single-rate equation, negative values of
this parameter are theoretically troublesome.

In those cases in which the p2 criterion was
met for both Equations 1 and 2, K and ro were
not comparable across the two equations. The
latter may not therefore be combined to derive
the empirical matching relation in this series
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of experiments. Disparity in the K parameter,
which denotes response rate at asymptote, could
arise in a two-key procedure as a result of
topographical consequences of responding at
two different locations and could be accom-
modated as a bias factor such as occurs in the
generalized matching equation. The parame-
ter ro, which denotes unscheduled reinforce-
ment in the setting, may vary in like fashion,
but this is less plausible. Unfortunately, Brad-
shaw and colleagues did not report the values
of these parameters for both Equations 1 and
2 in the studies in which they used a change-
over-key procedure, which should have min-
imized discrepancies in K and ro attributable
to topographical variables. However, the often
wide discrepancies observed in the data from
the present experiments suggest that both pa-
rameters, ro in particular, function as free vari-
ables accommodating any variance as yet
unexplained in the data.

In terms of goodness of fit, the single-rate
equations appear to be an unreliable mathe-
matical model of human data, those from the
Bradshaw procedure (and see Experiment 3)
excepted. As the data from the present exper-
iments in particular show, the equations also
entail major theoretical inconsistencies regard-
ing the derived parameters, a finding that has
parallels in studies with nonhumans.

The Generalized Matching Equation
Analyses of the literature on choice and the

generalized matching equation show that more
than 96% of nonhuman subjects' choice per-
formance is characterized by values of a rang-
ing from 0.5 to 1.3 (see Baum, 1979; Horne,
1986; Wearden & Burgess, 1982). The data
for the 17 human subjects reported in studies
by Bradshaw and colleagues are also charac-
terized by a majority (82%) of a values falling
within this range, with two instances falling
outside on the overmatching side and one in-
stance of more extreme undermatching. In the
six experiments reported here, the perfor-
mance of only 13 of 30 human subjects (43.3%)
fell between these boundaries. Of the remain-
ing subjects, 8 showed indifference (mean value
of a = 0.06), 3 undermatched (mean value of
a = 0.40), 3 showed gross overmatching (mean
value of a = 1.79), and 3 responded exclusively
to the richer alternative of all six concurrent
schedules (see Table 2).

Verbal Reports:
Performance Rules and Matching

Taking all six experiments together, anal-
yses were conducted of the relationship be-
tween the rules articulated by subjects in their
replies to the questionnaire and their actual
performance on the schedules.

Indifference rules. The 8 subjects with rules
in this category produced generalized match-
ing equation slope values ranging from -0.06
to 0.17 (see Table 2). Many of these subjects
reported that their responding was subject to
particular mathematical rules throughout the
experiment. Although such reports are retro-
spective, they furnish good evidence of the ef-
ficacy of rule-governed behavior, because it is
difficult to claim that subjects first responded
and then described post hoc their responses in
terms of the specific mathematical sequences
they so closely mirrored (see, e.g., PB, Exper-
iment 3).

Undermatching rules. Nine subjects had rules
in this category and produced slope values
ranging from 0.37 to 0.62. A common feature
of undermatching performance rules was that
they specified a mixture of approximate
matching on some schedules with numerically
based alternation strategies on others, and this
mixture was reflected in obtained response
patterns.

Approximate matching and overmatching
rules. The 6 subjects reporting approximate
matching rules had slope values ranging from
0.79 to 1.13, whereas the 4 subjects with over-
matching rules had slope values ranging from
1.12 to 2.01. A possible reason for the overlap
in the approximate matching and overmatch-
ing range of slope values is discussed below.

Exclusive preference. Of the 3 subjects re-
porting exclusive preference rules, 2 (CM and
FP) initially responded on both alternatives
and thus sampled all the scheduled contingen-
cies. Despite the fact that they scored more
points when they sampled both alternatives
than when they later adopted the pattern of
responding exclusively on the richer alterna-
tive, they persisted with the latter behavior.
Though the evidence is correlational, the pe-
culiarly maladaptive nature of this uniquely
human pattern of responding suggests that it
has its origins as a behavioral strategy in rule-
governed behavior (see Lowe, 1979; Weiner,
1965). Behavior of this kind has often been
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encountered in studies of human problem solv-
ing (Johnson-Laird & Wason, 1970) and hy-
pothesis testing (Levine, 1971), in which it is
found that humans tend to have poor recall of
relations between strategies and outcomes or
do not integrate these relations rationally.

For all 30 subjects, the categorization (con-
ducted by the first author) of their performance
rules was compared with the categorization of
their schedule performance (as indicated by
slope values; see General Method Section and
Table 2); there was a 96.7% agreement be-
tween these categorizations. The one instance
of a disagreement between performance rule
category and outcome was that of Subject CL
in Experiment 3. Her performance rules for
her last session were assigned to the over-
matching category, whereas her schedule per-
formance approximated matching (a = 1.12).

In order to validate the above analysis an
independent rater, acquainted with matching
theory but not with these experiments, con-
ducted an independent categorization of each
subject's performance rules, using the same
five categories. There were five instances of
disagreement between performance rule cat-
egory and outcome for this rater: Subject RC
showed approximate matching but her per-
formance rules were categorized as under-
matching; DE and RE overmatched but their
performance rules were categorized as ap-
proximate matching and, conversely, TJ and
BL showed approximate matching although
their performance rules were assigned to the
overmatching category (see Table 2). The in-
dependent validation of the categorization pro-
cedure suggests that the attempt to relate rule
category to schedule performance has a sound
objective basis, except in the case of approxi-
mate matching and overmatching categories,
for which there was also one discrepant out-
come in the first author's attempt at classifi-
cation. This may have arisen because perfor-
mance rules within these categories often
contained statements that a particular alter-
native was pressed for "most of the ten min-
utes" or "lots of the time." Such statements
form a poor predictive basis for discriminating
between approximate matching and over-
matching.
The extent of interrater agreement on the

categorization of performance rules was also
calculated; there were six instances of dis-
agreement between the two raters, yielding a

kappa coefficient of agreement (Siegel & Cas-
tellan, 1988) of 0.74 (p < .01). These analyses
provide good evidence that an independent rater
is able to act as a "speaker-listener" (Skinner,
1957) to predict effectively the relation be-
tween performance rules and choice behavior.

Verbal Reports:
Schedule Preferences and Matching
We analyzed the relationship between sub-

jects' preferences for the schedules (i.e., the
number of schedules accurately ranked) and
their matching equation slope values. A Spear-
man rank order correlation coefficient of 0.70
(p < .05) was obtained for these variables and
showed that the more accurate the ranking,
the higher was the slope of the generalized
matching equation. Table 2 shows that, with
the exception of JC, none of the 11 subjects
who accurately ranked the schedules had slopes
lower than 0.79. We also analyzed the rela-
tionship between subjects' schedule rankings
and response rates on the Component A sched-
ules. The Kendall's coefficient of concordance
was 0.63 (p < .01), indicating that a positive
relationship existed between stated schedule
preference and absolute rate of responding.

GENERAL DISCUSSION
The series of experiments reported here is

the most extensive yet conducted to investigate
both the conditions under which matching may
or may not be observed in human behavior and
the role of verbal behavior, particularly rules,
in human choice. Comparison of our findings
with those derived from studies of nonhumans
and from those studies of human choice that
have employed similar procedures is clearly an
important part of this analysis. In our studies,
unlike those conducted by Bradshaw and col-
leagues with humans, less than half the sub-
jects' performances resembled those typically
reported in animal choice studies. For many
of the remaining subjects, there were not mere
"deviations" from the matching typically ob-
served in nonhumans; rather their perfor-
mance was qualitatively different and could
not be described by any of the matching equa-
tions.

These findings are consistent with other
studies of human behavior on concurrent
schedules that have also reported marked de-
partures from matching. Gross undermatching
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and indifference have been reported for human
subjects in studies by Navarick and Chellsen
(1983), Oscar-Berman et al. (1980), Pierce et
al. (1981), Schmitt (1974), Schroeder (1975),
and Takahashi and Iwamoto (1986). More-
over, both Pierce et al. (1981) and Takahashi
and Iwamoto (1986) have reported negative
values of a. The latter authors, for instance,
found that in 60% of their subjects' data, a
ranged from -0.01 to -2.27, with a mean of
-0.47, despite the implementation of a 5-s
COD. In addition, studies by Schroeder and
Holland (1969), Schmitt (1974), and Wurster
and Griffiths (1979) reported gross overmatch-
ing in the performance of some subjects, al-
though only on some concurrent VI schedule
values. Together with the data from our six
experiments, these findings clearly demon-
strate that human subjects showing ideal
matching, or even a close approximation to it,
are the exception rather than the rule in the
literature (see also Silberberg, Thomas, &
Berendzen, 1991). These findings have close
parallels in the literature on human operant
performance on single schedules, in which dif-
ferences between humans and nonhumans in
both response patterning and sensitivity to
schedule parameters have been widely re-
ported (Dugdale & Lowe, 1990; Hayes,
Brownstein, Haas, & Greenway, 1986; Hayes,
Brownstein, Zettle, Rosenfarb, & Korn, 1986;
Hayes, Zettle, & Rosenfarb, 1989; Lowe, 1979,
1983; Matthews et al., 1977; Shimoff, Mat-
thews, & Catania, 1986; Weiner, 1969).

It might be argued, as indeed it often is when
differences between nonhuman and human
performance are observed in other operant tasks
(e.g., Baron, Perone, & Galizio, 1991; Perone,
Galizio, & Baron, 1988), that the departure
from the typical findings in nonhumans may
be due to procedural differences between non-
human and human studies. This, of course,
can never be ruled out, because it is impossible
to create exactly the same experimental con-
ditions for different species. For example, it
might be argued that too few sessions have
been conducted in these and other human stud-
ies so that there was insufficient exposure to
the scheduled contingencies for behavior to be-
come stable and for matching to emerge. The
16-session multiple concurrent VI schedule
procedure used in the six experiments reported
here was designed specifically for comparison
with the Bradshaw studies. Although rela-

tively few compared with those typical in non-
human experiments, the number of sessions
we employed was the same as in the Bradshaw
studies and they far exceed those in most other
studies of human choice. In addition, it should
be noted that most subjects' performances were
stable over the last five sessions and in many
cases showed little deviation after the first few
sessions, a feature typical of schedule perfor-
mance in verbally competent human subjects
(Lowe, 1979, 1983). It is therefore unlikely
that departure from matching in our subjects
was due to an insufficient number of sessions.
Indeed, in the majority of cases in which there
was a trend across the last five sessions, it was
away from ideal matching (see, e.g., Experi-
ments 2 and 3).

For similar reasons, it is difficult to maintain
that the departures from matching were due
simply to the schedules not being discrimina-
ble. As in the Bradshaw studies, we separated
schedule presentations with 5-min rest inter-
vals in order to minimize schedule interactions,
and we used distinctive geometric stimuli to
signal the schedules. The most compelling ev-
idence against the discriminability argument,
however, comes from (a) the observation that
increased exposure to the schedules often led
to increased departure from matching and (b)
the behavior of those subjects (e.g., JC, CM,
FP, and NW) who ranked the schedules with
complete accuracy but failed to show matching,
responding on the schedules in a manner un-
precedented in the literature on nonhumans.

It is sometimes suggested (e.g., Perone et al.,
1988) that differences in operant performance
between humans and other animal species may
be due to the fact that different kinds of re-
inforcement are used and that only "weak"
reinforcers are used in human studies. Lowe
(1979), however, has presented evidence show-
ing that schedule patterns specific to verbally
competent humans are obtained regardless of
the type of reinforcer used in different studies.
And how do we determine whether a rein-
forcer is "weak"? Most of the subjects in the
present study responded at high rates, ap-
proximately 200 to 300 responses per minute,
and many frequently expressed an eagerness
not just to earn as much money as possible but
also to "succeed" and score highly on the task.
The fact that this may have led some of them
to adopt, for example, an exclusive preference
strategy (see Subject CM, Table 1) is clearly
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not due to a failure of motivation. It should
also be noted that in the absence of good em-
pirical support, the "different reinforcer" ar-
gument may be a counsel of despair because,
as Wearden (1988) has pointed out, it is im-
possible to "equate" reinforcers between dif-
ferent animal species, let alone between non-
humans and humans.

In our attempts to replicate Bradshaw's
findings and also to identify the variables that
might favor matching performance in humans,
one of the most striking results is that none of
our interventions, whether it be a COD, or-
dinal cue, ordinal information, or some
combination of these, produced consistent ap-
proximation to matching. Nevertheless, a com-
parison of the data from Experiments 1, 3, and
5 suggests that gross undermatching or indif-
ference performances were less prevalent when
ordinal information about scheduled reinforce-
ment frequencies was provided and that or-
dinal instructions and cues were also highly
correlated with a remarkably rapid onset of
matching-like performances (e.g., see Exper-
iments 5 and 6). This is also supported by the
schedule-preference data that show that the 11
subjects who ranked the six schedules accu-
rately were in those experiments (3 through
6) that provided ordinal cues; with one excep-
tion, none of these had slope values lower than
0.79. Because Bradshaw's studies reliably in-
corporated ordinal information of this kind, it
is possible that this feature may have contrib-
uted to the unusually high incidence of match-
ing-like performance that he reports. But even
if ordinal cues are implicated in producing
greater conformity to matching, this in turn
raises the question of how they come to acquire
this role. Before this experiment, no one-to-
one relation between these particular stimuli
and matching behavior had been established
in any species, including humans. Despite this
it appears that these stimuli occasioned verbal
responses pertaining to the concept of ordi-
nality and matching-like behavior in many of
the subjects. The verbal community commonly
establishes verbal responses of the kind "A is
greater (or better) than B is greater than C is
greater than ... Z" in the presence of a variety
of spoken or written stimuli such as "1, 2,
3, .. ., 9"; in these cases, the relation between
a stimulus and the conventional responses oc-
casioned is usually fairly predictable. On the
present evidence, if the six VI schedules com-

prising Component A had been labeled in or-
der of scheduled reinforcement as 1, 2, 3, 4,
5, and 6, respectively, there is little doubt that
the ordinal relation between schedule value
and schedule label, together with brief expo-
sure to the scheduled contingencies, would have
led many subjects to describe VI 10 s (1) as
the richest, VI 20 s (2) as next richest and so
on, with VI 720 s (6) as the leanest of the
schedules available. In turn, such a description
may favor the emergence and maintenance of
a matching-like rule for responding on the con-
current schedules. In the case of the ordinal
cue stimuli employed in Experiment 3, how-
ever, other competing verbal responses appear
to have been evoked, which in turn gave rise
to different verbal formulations of the contin-
gencies and rules for responding. For example,
Subject PB "overinterpreted" the numerical
significance of the schedule stimuli; she re-
ported that she used them as a basis for the
construction of complex mathematical rules to
govern her responding on the operanda. Such
ordinal cues are not, therefore, in any simple
sense, textual verbal stimuli (cf. Skinner, 1957)
because they do not reliably occasion a response
of a specified form that accords with an ar-
bitrary but conventional relation established
by the verbal community.

Because they are not textual or instructional
verbal stimuli in the strict sense, consideration
of the role of ordinal cues falls outside the scope
of much of the literature on human operant
behavior (e.g., Baron & Galizio, 1983; Na-
varick, Bernstein, & Fantino, 1990). For their
effect, these stimuli depend upon the human
verbal capacity for describing and "analyzing"
the experimental situation and subsequently
formulating rules for responding; this is a ca-
pacity that, dependent as it is on each individu-
al's particular history in the verbal community,
is to some degree idiosyncratic (Lowe, 1979).

In addition to the verbal cues that the ex-
perimenter either wittingly or unwittingly
provides and those that subjects can produce
for themselves, there is yet another way in
which matching may be generated in a group
of subjects. This can occur when 1 subject
formulates an accurate description of the con-
tingencies and a corresponding performance
rule and communicates these to others in the
group. Evidence for this comes from the verbal
reports and schedule performance of CL. She
reported that she altered her performance rule,
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and subsequently her schedule behavior, as a
result of speaking to another subject (NL, who
had a matching performance rule) on the eve
of her final session. Indeed, her schedule be-
havior changed abruptly from indifference (a
= 0.14) on the penultimate session to matching
(a = 1.12) on the final day. Another example
of this type of verbal control in human choice
experiments is reported in Horne (1986). Un-
less we listen to what subjects like CL have to
say to us as experimenters and fully recognize
that they can say and listen, we will remain
ignorant of the "problems" that can arise when
subjects talk to each other in human operant
experiments. This is not, as far as we are aware,
a difficulty encountered in experimentation
with nonhumans.
The foregoing account of human choice, re-

lying as it does upon an analysis of the role of
verbal behavior and of postexperimental ver-
bal reports, may pose problems for those who
object to the inclusion of verbal (including co-
vert) events in a functional analysis. Nonrad-
ical behaviorists may argue on theoretical
grounds, or radical behaviorists may argue on
a pragmatic basis, that even if such events do
affect behavior, they cannot be directly ob-
served or changed and thus do not enhance
prediction and control (Perone et al., 1988).
It may also be argued that the rules articulated
in postexperimental questionnaires should not
be given causal status; they might not have
been operative during the experiment and
might have been constructed as post hoc ra-
tionalizations of performance (Perone et al.,
1988; Shimoff, 1984).
The theoretical justification for including

verbal events, both overt and covert, in an anal-
ysis of human operant behavior has been ad-
mirably set forth by Skinner (1945, 1957, 1974)
and will not be repeated here. Skinner has,
however, acknowledged that verbal behavior
does not readily lend itself to causal analyses
because it is itself multiply determined, often
covert and, on occasion, incipient in form.
Clearly, the analysis of effects of verbal be-
havior on other human operant performance
presents major methodological problems. Post-
experimental verbal reports, for example, may
be problematic because subjects may not be
either able or willing to describe the deter-
minants of their behavior (cf. Nisbett & Wil-
son, 1977). An interesting feature of the pres-
ent set of experiments, however, was the close

correspondence between the performance rules
subjects articulated in their verbal reports and
their schedule behavior; this was evidenced not
only in the overall correlations but also for
each individual. An interesting exception to
this was Subject JP in Experiment 2 who,
although expressing no preference between the
three leanest schedules, nevertheless showed a
slight progressive shift in her relative respond-
ing from the variable VI component as rein-
forcement frequency decreased. Much more
typical, however, were those subjects whose
performance rules and behavior were closely
related. Indeed, when such subjects (e.g., PB
in Experiment 3) report that they used precise
numerical progressions to cue their responding
and it is observed that their allocation is con-
sistent with control by these specific sequences,
it is difficult to believe that the complex be-
havioral sequence was generated first and the
mathematical formulations came later. A more
plausible explanation is that when performing
on these concurrent schedules, adult humans
will generally attempt to assess the reinforce-
ment schedules in operation and will construct
explicit rules for responding that are fairly
easily recalled in postexperimental question-
naires. There is no reason to believe, of course,
that questionnaires will yield equally valid data
in all experiments; whether they do or not may
depend as much upon the nature of the ques-
tionnaire as the experiment itself. The ques-
tionnaire used in this series of experiments (see
General Method) is more extensive than those
usually employed in human operant experi-
ments and was designed to evoke as much in-
formation as possible while minimizing bias
of responses.
To argue that post hoc verbal reports in

themselves constitute causal variables would,
of course, make little sense (cf. Shimoff, 1984);
the radical behaviorist view is more subtle and
is perhaps best expressed by Skinner himself:
"The present analysis ... continues to deal
with the private event, even if only as an in-
ference. It does not substitute the verbal report
from which the inference is made for the event
itself. The verbal report is a response to the
private event and may be used as a source of
information about it" (Skinner, 1953, p. 282).
This is precisely the approach adopted in the
present analysis, which, in order to account
for the complexities of human behavior, draws
inferences about the existence of rules and co-
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vert verbal events from what subjects said and
did. In addition to providing a plausible ac-
count of the existing data on human choice,
an additional merit of the verbal analysis is
that it can be subjected to further experimental
verification. For example, because humans are
sophisticated speaker-listeners, an indepen-
dent rater may, in accordance with the prac-
tices of the verbal community, respond as a
listener (or reader) to a subject's contingency
descriptions and performance rules and predict
the performance that should occur were those
rules to be followed. To the extent that such
a procedure enhances prediction over and above
that based only upon experimenter-provided
instructions and scheduled contingencies, the
inference of a determining role in operant per-
formance for rules of the kind reported by those
subjects is supported (see Zuriff, 1985). Evi-
dence gained in "listening" to subjects' con-
tingency descriptions and performance rules
may then be experimentally evaluated by, for
example, using their contingency descriptions
to refine experimenter-provided instructions
or to provide subjects with a particular per-
formance rule that can then be assessed in
relation to their operant performance. If sub-
jects' verbalizations are recorded either during
or after these interventions, both prediction
and control of human operant behavior may
be further enhanced and the role of verbal
behavior as a determinant of human choice
can be systematically evaluated (see Wulfert,
Dougher, & Greenway, 1991). Lowe (1983)
has outlined a range of experimental strategies
designed to test inferences derived from sub-
jects' verbal reports.

Demands that verbal events should not be
implicated as "causes" in an experimental
analysis unless the causal sequence can be
traced to its environmental origins (Hayes,
1986; Perone, 1988; Perone et al., 1988; Shi-
moff, 1984) can be answered in two ways.
First, consider the example of subjects in the
present study who used the cues provided in
Experiments 3 through 6 to rank ordinally the
reinforcement schedules; we have provided an
account of how the verbal community estab-
lishes the verbal properties of such stimuli. In
this general theoretical sense one can, follow-
ing Skinner (1945, 1957), trace verbal behav-
ior back to early environmental histories within
a verbal community. If we require an exper-
imental analysis to give a complete specifica-

tion of the environmental determinants of the
behavior we record, however, this would in-
clude in the present case an account of specific
environmental interaction in each individual's
childhood that led to the development of the
concept of ordinality and then the additional
experiences with similar cues and equivalent
verbal stimuli leading to the eventual rule for-
mulation in the course of our experiment. To
expect the experimental analysis of adult hu-
man behavior to provide such an account for
every empirical undertaking is wholly im-
practicable.

In summary, the present set of experiments
provides evidence for complex interactions
among experimental contingencies, verbal be-
havior, and schedule performance. In attempt-
ing to draw attention to the fact that verbal
cues and rules have a role to play in studies
of this kind, we do not wish to assert that they
are the only, or even the most important, de-
terminants of schedule performance; verbal be-
havior itself clearly has its origins in environ-
mental consequences and is maintained by
them. The precise balance between the oper-
ation of these and other variables in studies of
human choice must be a matter for future re-
search. It may be the case that experimental
procedures can be devised that will yield only
contingency-shaped choice; this might be
achieved, for example, by disguising the con-
tingencies in operation. Clearly, were such an
experiment to be conducted, we would expect
the findings to conform to the matching law.
Demonstrating contingency-shaped behavior
in adult humans in laboratory conditions is
not, however, an easy task (see Svartdal, 1991).
To do so for human choice remains an exciting
challenge.
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